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Excited states have been observed for the rst time in the neutron-decient nucleus 117Ba using
the Recoil-Decay Tagging technique following the heavy-ion fusion-evaporation reaction 64Zn(58Ni,
2p3n)117Ba. Prompt  rays have been assigned to 117Ba through correlations with -delayed protons
following the decay of A = 117 recoils. Through the analysis of the - coincidence relationships,
a high-spin level scheme consisting of two bands has been established in 117Ba. Based on the
systematics of the level spacings in the neighboring barium isotopes, the two bands are proposed to
have h11=2[532]5=2
  and d5=2[413]5=2
+ congurations, respectively. The observed band-crossing
properties are interpreted in the framework of cranked shell model.
PACS numbers: 21.10.Re, 23.20.-g, 23.20.Lv, 27.60.+j
I. INTRODUCTION
The evolution of quadrupole deformation and the pres-
ence of the octupole collectivity in the barium isotopes
have attracted much attention both experimentally and
theoretically [1{6]. As expected, quadrupole deforma-
tion was found to increase gradually with decreasing
neutron number from the spherical N = 82 semi-magic
nucleus 138Ba to the N = 66 midshell isotope 122Ba.
These isotopes have been well studied with in-beam -
ray spectroscopy and heavy-ion fusion-evaporation re-
actions, and a variety of structural features have been
revealed. For example, at low rotational frequencies,
the nuclear shape is strongly inuenced by the oppo-
site shape-driving forces of valence nucleons in the h11=2
orbital [7]. At higher frequencies, competing rotation
alignments between h11=2 and h11=2 nucleons have
been observed [2, 8]. At even higher spins, collective
excitations give way to quasiparticle excitations lead-
ing to band termination [9, 10]. On the other hand,
the light isotopes with Z  N  56 were predicted to
be candidates for enhanced octupole collectivity [1, 11];
evidence for strong octupole correlations was observed
in the neutron-decient nuclei 112;114 117Xe [12{15] and
118;122 125Ba [3, 4, 16, 17]. Hence, it is of particular inter-
est to extend spectroscopy studies toward more neutron-
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decient nuclei in this region and approach the Z = N
line as much as possible.
Experimentally such studies are challenging because
the fusion-evaporation production cross sections for more
neutron-decient barium isotopes decrease rapidly, as
charged-particle emission becomes dominant. Therefore,
ecient exit channel selection is indispensable, as exem-
plied in the study of excited states in 120;121;122Ba [2, 18,
19]. Taking advantage of the large -detector array Gam-
masphere [20] and the recoil mass separator FMA [21],
high-spin states in 118;119Ba were investigated by means
of -recoil and Kx-ray{ coincidence measurements.
For the most neutron-decient nuclei, the Recoil-Decay
Tagging (RDT) technique has been used to perform
in-beam measurements [22]. In this method, charged-
particle decay modes, such as , proton, and superal-
lowed -ray emission, as well as isomeric decay provide
highly selective tagging of the prompt  rays from a nu-
cleus of interest. Beta-delayed proton (p) emission is
one of the tagging methods and it has been success-
fully applied in the study of single neutron states out-
side doubly-magic 100Sn where one  ray was identi-
ed [23]. In an earlier study of 109Te, singles -ray spec-
tra (Figs. 5b and 5c in Ref. [22]) were obtained using p
together with  decays; a preliminary level scheme was
proposed actually based on the recoil-- data, e.g., 
rays depopulating high-spin states could not tagged by
recoil decay. In the present work, through the recoil-p
decay tagging, excited states in 117Ba have been identi-
ed and furthermore, a high-spin level scheme has been
established for the rst time. Prior to this work, no
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FIG. 1: Energy spectra (a) of all decays measured in the
DSSD and (b) of decays from A = 117 residues within 5 s of
implantation.
excited states were known in 117Ba; only the decay of
the ground state was studied [24{26]. The ground state
of 117Ba was proposed to have I = 3=2+ spin-parity
from p decay measurements with a decay branch of
 16% [26]. Its half-life was determined to be 1:75 s [24].
The preliminary results of this work were briey pre-
sented in conference proceedings [27].
II. EXPERIMENT AND RESULTS
The experiment was performed at Argonne National
Laboratory. High-spin states in 117Ba were popu-
lated with the fusion-evaporation reaction 64Zn(58Ni,
2p3n)117Ba. The 58Ni beam, with an energy of 305 MeV,
was provided by the Argonne Tandem Linac Accelera-
tor System (ATLAS). The target was a self-supporting,
isotopically enriched, 64Zn foil with a thickness of
0.7 mg/cm2. It was irradiated for about 5 days with
an average beam intensity of 5 pnA. Prompt  rays were
detected by the Gammasphere array consisting of 100
Compton suppressed HPGe detectors [20]. The recoil-
ing reaction products were separated from the unreacted
beam and dispersed according to their mass-to-charge ra-
tio A=q by the fragment mass analyser (FMA) [21]. The
recoil's position at the FMA focal plane was measured
in a parallel-grid avalanche counter (PGAC) followed by
an ionization chamber (IC) used for energy loss measure-
ments. Recoils with mass A = 117 and charge states
q = 27 and 28 were selected through two mass slits op-
timised for the transmission of 117La [28]. After passing
through the PGAC and IC, the recoils were implanted
into a 60 m-thick double-sided silicon detector (DSSD)
consisting of 80, 400 m wide orthogonal strips on the
front and rear, respectively, forming 6400 pixels. Follow-
ing implantation, the recoils decayed in the pixel where
they were implanted. Through spatial and temporal cor-
relations, the decays were associated with individual im-
plants. With the trigger condition of two or more Ge de-
tector signals measured in coincidence with each other,
or one or more Ge signals in coincidence with a PGAC
event, approximately 1:1 106 events were recorded.
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FIG. 2: Singles -ray spectra (a) gated on A = 117 residues
and (b) tagged by -delayed proton decay from A = 117
recoils within 5 s of implantation.
The energy spectra of all the charged-particle decays
and of those from A = 117 residues within 5 s of implan-
tation are presented in Figs. 1a and 1b, respectively.
In the gure, the broad bump around 3.2 MeV is from
-delayed protons (ps) while the one around 1.2 MeV
is from the escaping ps. A peak with an energy of
800 keV belongs to the ground-state proton emitter
117La with T1=2 = 20:1(25) ms [28]. A -ray spectrum
gated on A = 117 residues is presented in Fig. 2a, where
the strong transitions from 117Cs (231, 283, 306 keV,
etc.), 117Xe (263, 401, 535, 581, 713 keV, etc.), and 117I
(337, 470 keV, etc.) are dominant. Among these A = 117
isobars, besides 117Ba, only 117Xe, with T1=2 = 61(2) s
for the ground state, has a measurable p branch with
a ratio of 2:9(6)  10 5 [29]. By gating on the ps in
the energy range of 1.2-3.2 MeV within 5 s of the im-
plantation of A = 117 isobars, the strong  rays present
in the upper panel disappear or become much weaker.
Thus the transitions present in the lower panel (Fig. 2b)
mostly belong to 117Ba.
In order to establish the 117Ba level scheme, a - co-
incidence matrix was created by gating on ps within
5 s of the implantation of A = 117 recoils. The coinci-
dence data were analyzed with the RADWARE software
package [30]. From the detailed analysis of the - coinci-
dence relationships, relative intensities, and -ray energy
sums, a level scheme was established; it is presented in
Fig. 3. Representative coincidence spectra demonstrat-
ing the existence of the two bands are found in Fig. 4.
The level scheme consists of two independent rotational
bands, labeled as band 1 and 2 in Fig. 3; no linking tran-
sitions between them were observed. The spins and par-
ities of the two bands are tentatively assigned based on
the level systematics in odd-A barium isotopes (see Fig. 5
and Sec. III). The -ray energies, relative intensities, and
the proposed spins and parities are summarized in Table
I.
The 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FIG. 3: Level scheme of 117Ba proposed in this work.
is populated most strongly. In this branch, the ordering
of the 178.4- and 347.7-keV transitions can be rmly es-
tablished by the observation of the inter-signature I =
1 transitions; the ordering of the other eight transitions
above the I = 15=2  level is proposed tentatively, based
on relative intensities (see Table I). The  = 1=2 signa-
ture of band 1, which was not presented in the prelimi-
nary results [27], is now rmly established, through the
identication of some weak crossover or doublet tran-
sitions and their proper placement in the level scheme.
The 124-, 170-, and 617-keV lines are all found to be dou-
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FIG. 4: Representative coincidence spectra with gates placed
on selected transitions in bands 1 and 2.
blets; the 123.6-, 169.9-, and 616.2-keV transitions were
assigned in band 1 and the 124.2-, 169.2-, and 617.2-
keV ones were placed in band 2. The ordering of the
495.0-, 342.2-, 169.9-keV cascade was determined unam-
biguously by the observation of the linking transitions
between the two signatures in band 1. The ordering of
the other  rays in this sequence is based on their inten-
sities. Apart from the negative-parity band, a positive-
parity band (band 2) consisting of two I = 2 sequences
was also established. In the lower part of band 2, the
two signature sequences are inter-linked by I = 1 tran-
sitions.
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FIG. 5: Level-spacing systematics for (a) negative- and (b)
positive-parity bands in the odd-A 117 129Ba isotopes. The
energies are normalized to the respective 11=2  (7=2+) states
of negative-parity (positive-parity) bands. The data are from
Refs. [8, 9, 17, 18, 35, 36] and the present work.
The spin and parity of the 117Ba ground state was
assigned as I = 3=2+ in the p decay measurement
by means of a total absorption -ray spectrometer [26].
In the present work,  rays were tagged with the ps.
Therefore, it is tentatively proposed that the I = 3=2+
state connected with band 2 is the 3=2+ ground state.
However, the excitation energy for the states in band 1
cannot be determined, since the relative position of the
two bands could not be established, as a situation sim-
ilar to that occuring in 119Ba [9]. It is noted that the
intensity of the 7=2+ ! 3=2+ transition is much weaker
than that of the inband 15=2+ ! 11=2+ one, indicat-
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FIG. 6: (a) Extracted alignments and (b) Routhian energies
for the 117Ba rotational bands.
ing that the 211.9-keV transition does not belong to this
positive-parity band and the I = 3=2+ state has a dif-
ferent conguration as discussed in the following section.
The 211.9- and 87.9-keV transitions are thus presented
as out of band transitions in Fig. 3.
III. DISCUSSION
In 117Ba (N = 61), the neutron Fermi surface lies be-
tween the g7=2=d5=2 orbitals and the lower part of the
h11=2 subshell. Collective bands based on these orbitals
have been observed at low excitation energy in most nu-
clei in this region. Due to the high-j nature of the h11=2
orbital, bands built on them are strongly populated and
become yrast in these nuclei. The relative excitation en-
ergies of the h11=2 bands in odd-A
119 129Ba are plotted
together with band 1 in Fig. 5a. Band 1 follows the sys-
tematic trend of the h11=2 bands so well that it most
likely has the same origin. This assignment is supported
further by the rotational properties of band 1 discussed
below. It can be noticed in Fig. 5a that the lowest states
in the h11=2 bands of
117;119;121Ba are all characterised
by I = 5=2  value, suggesting that they can all be as-
sociated with the same h11=2[532]5=2
  conguration as
proposed in Refs. [9, 31] for 119;121Ba.
Similarly, Fig. 5b indicates that band 2 follows the sys-
tematics of the positive-parity sequences in heavier odd-
A Ba isotopes. However, as pointed out previously in
Refs. [9, 31], such a comparison of the excitation energies
for positive-parity states should be considered with cau-
tion, since the congurations of the corresponding bands
change from the g7=2 to the d5=2 orbital with decreas-
ing neutron number. Indeed, the positive-parity bands
in odd-A 123 129Ba were proposed to be associated with
a g7=2[404]7=2
+=[402]5=2+ conguration [32{35], while
those in 119;121Ba were assigned to be built predomi-
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FIG. 7: Calculated quasiparticle Routhians for (a) neutrons
and (b) protons as a function of rotational frequency (h!).
The deformation used in the calculations are give in the text.
The dierent line styles represent values of parity and sig-
nature, (, ), as follows: dashed lines ( ,  1=2); dot-
dashed lines ( , +1=2); solid lines (+, +1=2); and dotted
lines (+,  1=2). The lowest neutron and proton Routhians
with  = +1=2 and  =  1=2 are both the h11=2 orbitals.
The positions of the lowest alignments for neutrons, e.g., EF
in panel (a) and protons, e.g., ef in panel (b) are marked by
faint vertical dotted lines.
nantly on the d5=2[413]5=2
+ orbital [9, 18, 31]. This con-
guration change from [402]5=2+ in 123Ba to [413]5=2+
in 121Ba was conrmed by a laser spectroscopy measure-
ment [37, 38], and results from the shift of the Fermi
level. In 117Ba, with two neutrons fewer than 119Ba, the
d5=2[413]5=2
+ conguration can be assigned to band 2,
as discussed later. Such a high-K conguration could ac-
count for the presence of strong inter-band I = 1 tran-
sitions and for a small signature splitting (see Fig. 6b).
Although it should be kept in mind that strong congura-
tion mixing between the g7=2[402]5=2
+ and d5=2[413]5=2
+
orbitals is anticipated and the conguration given above
should be viewed as the predominant component of the
wave function.
The level spacings in bands 1 and 2 (Fig. 5) decrease
gradually with decreasing neutron number, indicating an
increase in collectivity (deformation). The lowest levels
are found either in 117Ba (for example the I = 15=2 
and 19=2  levels) or in 119Ba (for example the I = 9=2+
and 11=2+ states) suggesting that the quadrupole defor-
mation reaches a maximum between the two nuclei, e.g.
in 118Ba, consistent with various theoretical calculations
(see e.g. Fig. 1 in Ref. [6]).
In order to investigate further the rotational proper-
ties of the two bands in 117Ba, the experimental aligned
angular momenta ix and Routhians e
0
were extracted
according to Ref. [39]: these are presented in Fig. 6.
The Harris parameters [40] J0 = 17:0 h
2MeV  1 and
J1 = 25:8 h
4 MeV  3 were used to describe the energy of
the rotating core. These values are the same as those used
for other nuclei in this mass region [9, 31]. Backbends are
clearly observed in band 1: the unfavored  = +1=2 se-
quence experiences a band crossing at h! = 0:35 MeV
while the favored  =  1=2 one, with a somewhat
larger initial alignment, exhibits a smoother upbend at a
slightly higher crossing frequency h!  0.41 MeV. The
total aligned angular momentum gain is  6:5 h for
both signatures. In the Routhian plot, it can be seen
that the two signatures experience an energy splitting
that increases gradually with frequency before the band
crossing, and subsequently, after the crossing decreases
rapidly before disappearing altogether. In band 2, the
two signatures show an almost identical behavior with
a small energy splitting. They also experience a grad-
ual gain in alignment, indicating a strong band interac-
tion. The  = +1=2 signature experiences an upbend at
h! ' 0:35 MeV while the alignment frequency cannot be
clearly determined in the  =  1=2 signature. For both
signatures, the band crossing is not yet completed over
the frequency range observed in the present experiment.
To gain a qualitative insight into the structure of the
low-lying states in 117Ba, potential energy surface (PES)
calculations were performed with the conguration-
constrained blocking method [41]. The PES for one-
quasineutron congurations were calculated in the three-
dimensional (2, 4, ) deformation space. Among the
negative-parity congurations, the h11=2[532]5=2
  one
was found to be the lowest, supporting the conguration
assignment for band 1 proposed above. The two low-
est positive-parity congurations were calculated to be
g7=2[411]3=2
+ and d5=2[413]5=2
+. The potential mini-
mum of the former is found to be very close to that of the
negative-parity h11=2[532]5=2
  orbital, and due to the
uncertainties inherent in PES calculations, the ground-
state conguration for 117Ba cannot be predicted reliably.
As mentioned earlier, the ground state of 117Ba was sug-
gested to be a I = 3=2+ state with a g7=2[411]3=2
+
conguration. A rotational band built on this congura-
tion is populated weakly in the odd-A Ba isotopes, and
was only observed in 121Ba so far [18]. Hence, band 2 is
interpreted as based on the d5=2[413]5=2
+ conguration.
Cranked shell model (CSM) calculations were per-
formed in order to interpret the rotational behavior ob-
served in 117Ba. The deformation parameters (2; 4,
6) were determined in total Routhian surface calcula-
tions [42, 43] and then used as input for CSM calcula-
tions [44] from which theoretical quasiparticle alignment
frequencies can be extracted to be compared with the ex-
perimental values. The total Routhian has well-dened
parity and signature, but no other quantum numbers are
conserved. For the negative-parity band, at a rotational
frequency h! = 0:15 MeV, the  =  1=2(+1=2) sig-
nature is predicted to be characterised by deformation
parameters of 2 ' 0:27(0:29), 4 ' 0:05(0:07), and  '
 9:8(2:2). For the positive-parity band at the same
rotational frequency, the  =  1=2(+1=2) signature is
calculated to have 2 ' 0:28(0:28), 4 ' 0:07(0:07), and
 '  3:0( 0:23). With these deformation parameters,
CSM calculations indicate that the alignment of the rst
h11=2 neutron (EF) and proton (ef) pairs occur at rota-
tional frequencies of h! ' 0:42 and 0:38 MeV, respec-
tively, as presented in Fig. 7.
Since band 1 is proposed to be based on the
h11=2[532]5=2
  conguration, the rst h11=2 neutron
(EF) alignment is blocked. The following EH (FG) align-
ment is calculated to occur at a crossing frequency above
0:6 Me; e.g., much higher than the experimental value.
Thus, a neutron alignment is ruled out for this band.
A proton ef alignment is expected to be responsible for
the band crossing. The calculated proton (ef) crossing
frequency h! ' 0:38 MeV is consistent with the exper-
imental results, and the observed large aligned angular
momentum ( 6:5 h for both signatures) agrees well with
the alignment of a pair of 
 = 1=2, h11=2 quasi-protons.
The slight dierence in alignment frequencies in the two
signatures can presumably be attributed to subtle dier-
ences in deformation, as predicted by CSM calculations.
Both signatures of band 2 experience smooth gains in
alignment in the observed frequency range (Fig. 6). The
band crossing in the positive-parity band was system-
atically observed in heavier barium isotopes. For the
 =  1=2 signature, we note that the alignment be-
comes smoother with decreasing neutron number from
121Ba to 119Ba (see Fig. 5b in Ref. [18] and Fig. 6b in
Ref. [9]). In 117Ba, the alignment becomes even smoother
than in 119Ba, so that a band crossing frequency cannot
be clearly identied. Based on the results of the CSM
calculation, the alignment in band 2 could be attributed
to the rst proton (ef) alignment at h! = 0:38 MeV or
that of the rst neutron (EF) at h! = 0:42 MeV or a
superposition of both, as there is no blocking eect for
the d5=2 conguration. The  =  1=2 signature reveals
a large alignment gain of approximately 9 h at measured
frequency h! = 0:45 MeV. This might indicate that the
alignments in this signature consist of a superposition of
proton ef and neutron EF alignments. In fact, a pro-
ton ef alignment superimposed or followed immediately
by the neutron EF one was reported previously in 119Ba
and 121Ba with a gain of  9 h [9, 18]. The  = +1=2
signature reveals an upbend at h! = 0:35 MeV. This is
due to the rst pair of h11=2 protons aligning, as the neu-
tron EF alignment is predicted to occur at a somewhat
higher frequency ( 0.42 MeV/h).
IV. SUMMARY
Using the Recoil-Decay Tagging technique, excited
states in 117Ba were identied and observed to high
spins for the rst time. Prompt  rays belonging
to 117Ba were correlated with -delayed protons from
117Ba. A level scheme consisting of one negative-parity
and one positive-parity band was established, extending
present knowledge of rotational bands to this neutron-
decient barium isotope yet. The h11=2[532]5=2
  and
d5=2[413]5=2
+ quasineutron congurations were pro-
posed for the negative- and positive-parity bands, re-
spectively, based on the existing level spacing systemat-
ics in the heavier odd-A barium isotopes. Additionally,
the I = 3=2+ state, connected to the positive-parity
band in this experiment, was tentatively suggested to be
the ground state of 117Ba with a possible g7=2[411]3=2
+
conguration. These quasineutron conguration assign-
ments were supported by PES calculations. The experi-
mentally observed rotational behaviour in both negative-
and positive-parity bands were interpreted within the
CSM. It is found that the two bands in 117Ba t well
into the systematics of the barium isotopic chain.
This work demonstrates the feasibility of performing a
high-spin study of 117Ba by using -delayed proton de-
cays as a tag. This opens up the possibility to perform -
spectroscopy experiments for very neutron-decient nu-
clei which exhibit -delayed proton emission [45, 46].
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7TABLE I: Gamma-ray transition energies, relative intensities, and pro-
posed assignments in 117Ba.
E(keV)
a I I

i ! If b
Band 1
46.6 (7=2 )! (5=2 )
55.3 (11=2 )! (9=2 )
60.3 (15=2 )! (13=2 )
123.6 44(18) (9=2 )! (7=2 )
169.9 60(22) (9=2 )! (5=2 )
178.4 135(44) (11=2 )! (7=2 )
287.3 56(22) (13=2 )! (11=2 )
342.2 87(54) (13=2 )! (9=2 )
347.7 334(130) (15=2 )! (11=2 )
435.2 40(19) (17=2 )! (15=2 )
495.0 66(10) (17=2 )! (13=2 )
515.4 268(58) (19=2 )! (15=2 )
616.2 84(37) (21=2 )! (17=2 )
646.4 251(49) (23=2 )! (19=2 )
702.2 64(17) (25=2 )! (21=2 )
708.3 66(18) (33=2 )! (29=2 )
723.6 68(18) (29=2 )! (25=2 )
745.4 222(23) (27=2 )! (23=2 )
779.2 64(18) (37=2 )! (33=2 )
810.7 157(46) (31=2 )! (27=2 )
837.4 138(40) (35=2 )! (31=2 )
847.3 116(36) (39=2 )! (35=2 )
869.6 54(16) (41=2 )! (37=2 )
905.8 88(29) (43=2 )! (39=2 )
973.8 79(27) (47=2 )! (43=2 )
Band 2
87.9 106(43) (5=2+)! (3=2+)
124.2 97(44) (7=2+)! (5=2+)
169.2 114(25) (9=2+)! (7=2+)
180.0 29(15) (11=2+)! (9=2+)
211.9 76(29) (7=2+)! (3=2+)
221.3 19(9) (15=2+)! (13=2+)
235.3 45(15) (13=2+)! (11=2+)
250.7 20(8) (19=2+)! (17=2+)
291.0 32(11) (17=2+)! (15=2+)
293.3 88(46) (9=2+)! (5=2+)
338.3 22(12) (21=2+)! (19=2+)
349.3 222(58) (11=2+)! (7=2+)
416.0 77(30) (13=2+)! (9=2+)
456.7 100(8) (15=2+)! (11=2+)
512.4 61(8) (17=2+)! (13=2+)
542.3 96(28) (19=2+)! (15=2+)
588.8 76(30) (21=2+)! (17=2+)
617.2 83(24) (23=2+)! (19=2+)
649.4 63(15) (25=2+)! (21=2+)
686.3 78(23) (27=2+)! (23=2+)
690.9 61(28) (29=2+)! (25=2+)
751.6 72(30) (31=2+)! (27=2+)
818.5 71(26) (35=2+)! (31=2+)
871.9 42(20) (39=2+)! (35=2+)
916.8 36(19) (43=2+)! (39=2+)
aEnergies are accurate to 0.5 keV for strong transitions. The
errors increase to 1.0 keV for weaker ones (relative intensity I
 50).
bProposed spin and parity assignments for the initial Ii and
nal If levels.
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